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The magnetic structures of several single-crystal, magnetic rare-earth superlattice systems 
grown by molecular-beam epitaxy are reviewed. In particular, the results of recent neutron 
diffraction investigations oflong-range magnetic order in Gd-Y, Dy-Y. Gd-Dy, and Ho-Y 
periodic superlattices are presented. In the Gd-Y system, an antiphase domain structure 
develops for certain Y layer spacings, whereas modified helical moment configurations are 
found to occur in the other systems, some of which are commensurate with the chemical 
superlattice wavelength, References are made to theoretical interaction mechanisms recently 
proposed to account for the magnetic states of these novel materials. 
t INTRODUCTION 
Recent advances in molecular-beam epitaxy (MBE) 
techniques have made it possible to grow single-crystal, rare-
earth (RE) superlattices with a high degree of perfection 
and limited interdiffusion, \-3 Magnetic layers consisting of a 
discrete number of atomic planes can be deposited alternate-
ly with nonmagnetic or other magnetic layers of a given 
thickness. The effects of reduced dimensionality on the mag-
netic ground state and corresponding critical behavior can 
be investigated. Because the magnetic RE moments interact 
through long-range, indirect exchange, a modulation of the 
magnetic properties in certain synthetically layered RE 
structures might also be expected. Furthermore, since the 
detailed, microscopic magnetic structures of the RE metals 
result from the competition between the isotropic indirect-
exchange and the anisotropic crystal-field and magnetoelas-
tic interactions, the study of synthetic RE superlattices with 
a tailored composition and/or strain profile can, in princi-
ple, give valuable information about such phenomena as the 
lock-in transitions from incommensurate to commensurate 
phases recently described by a spin-slip model.4--6 
The periodicity of the multilayer structure makes it pos-
sible to study its magnetic state by diffraction. This paper 
reviews research performed thus far on a number of RE su-
perlattice systems with an emphasis on the determination of 
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the magnetic structures. These studies have only just begun 
and much work remains to be done. Some of the results re-
ported here are, therefore, of a preliminary nature. Although 
neutron diffraction experiments are described primarily, x-
ray diffraction and magnetization measurements have been 
essential in achieving the present level of understanding and 
references to these measurements are cited at the appropri-
ate places in the text. 
110 NEUTRON DIFFRACTION BY MAGNETIC 
SUPERLATTICES 
General discussions ofthe diffraction of x rays and neu-
trons by supedattices are given in Refs. 7, 8, and 9, respec-
tively. Polarized neutrons are especially useful in determin-
ing the more-complicated, noncollinear magnetic structures 
which can occur in some of the RE superlattices. The inter-
action between the magnetic moment of the neutron and that 
of the atom depends not only on the magnitUdes of the mo-
ments but also on their orientations relative to one another 
and the scattering vector Q, where Q = Itf - k; I and where 
kf and k; are the final and incident neutron wave vectors, 
respectively. With polarized neutrons, the squares of four 
structure factors can be measured. 10 
If the atomic moments lie in a reflecting plane nonnal to 
Q with the neutron polarization parallel to a magnetic field 
applied in the reflecting plane, then the structure factors are 
given by 
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and 
N 
F ± ± CQ) = L (bj +Pj cos ¢j)iQUj 
j~1 
N . 
F ± l' = LPj sin ¢je,QUj, ( 1 ) 
i= 1 
where bj and Pj are the average coherent nuclear and mag-
netic scattering lengths of the atoms comprising the fih 
atomic plane, respectively, uj is the position of the fih atomic 
plane along an axis normal to the reflecting plane, and ¢i 
gives the orientation of the atomic moments in the plane. 
The magnetic scattering lengthp is proportional to the mag-
nitude of the atomic magnetic moment (the magnetic form 
factor is included in the scattering length and is Q depen-
dent). For the rare-earth superlattice systems described in 
this paper the reflecting plane is the basal plane of the hexag-
onal close-packed chemical structure. In this special config-
uration, the magnetic moment projections along the direc-
tion of the applied field produce non-spin-flip (NSF) 
scattering, whereas the spin-flip (SF) scattering arises from 
the projections of the atomic moments perpendicular to the 
applied-field direction. 
Insofar as the magnetic structure is concerned, the unit-
cell length is not necessarily the same as that of the chemical 
unit cell nor even commensurate with it. It is, therefore, of-
ten necessary to consider an expression for the structure fac-
tor that is a summation over N X M atomic planes where N 
equals the number of atomic planes in a chemical unit cell 
and M equals the number of chemical unit cells or bilayers in 
the superIattice. Suppose, for example, that the moment ar-
rangement in a given chemical unit cell is related to that of an 
adjacent bilayer by a constant phase angle 15, (h = n¢l + mfi 
and uj = nd + ma, where ¢ is a constant interplanar turn 
angle, d is a constant atomic interplanar spacing, !l is the 
bilayer thickness, and nand m are integers. The structure 
factor for spin-flip scattering can then be written as 
FSF(Q) = [O_e i(Q,H8)M)/(1_e i(QA+8»)] 
X Ctl p"ei(Q"d + mp») /2+ [( 1 _ ei(Qt>. - 6)M)/ 
(1 - ei(Qt>. -8»] Ctl p"ei(Qnd- n<Pl)/2. 
(2) 
For large M, the first factor in brackets in each term of Eq. 
(2) approaches a delta function, peaking at values of 
Q = 12rrlfl. ± 51 A. Thus, satellites are displaced from posi-
tions corresponding to the chemical unit-cell period if 8 is a 
nonintegral multiple of 217". This is observed, for example, in 
the case of the incommensurate magnetic spiral in Dy-Y su-
perlattices. 11,12 The second factor in large parentheses in 
each term of Eq. (2) describes for relatively small N a 
broader function. This "envelope" function peaks at values 
of Q = j2rrld ± ¢lId wherej is an integer. The envelope in 
effect modulates the intensities of the relatively sharp peaks 
occurring atthe positions 12 rr /J~ ± 81 fl. Upon closer exami-
nation of the envelope function, it can be seen that for Pn 
= const it is proportional to sin [ (Qd ± ¢) N /2]/ 
sin [ (Qd ± ¢ )/2]. However, this simple shape can be signifi-
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cantly distorted (even asymmetrically about a reciprocal-
lattice point 13,14) by anyone or more of three basic modula-
tions along the superlattice growth direction: ( 1 ) a 
compositional modulation giving rise to different p". (2) a 
strain modulation resulting in a nonuniform d spacing, and 
(3) a turn-angle modulation. Although the total phase shift 
8 can be determined straightforwardly from the positions of 
the satellites, the position of the peak of the envelope func-
tion must be deduced from an analysis of the relative intensi-
ties of the satellites. Thus, in order to extract the magnetic 
structure, it is necessary to know the detailed chemical mod-
ulations. These can, in principle, be determined from a com-
bination of x-ray and neutron diffraction data taken about a 
number of (001) reciprocal lattice points. The effect of d-
spacing modulation, as is evident from Eq. (2), becomes 
more pronounced at larger values of Q. 
As in the case of ordinary bulk condensed-matter sys-
tems, the effects of multiple scattering and extinction on the 
diffraction patterns obtained for synthetic superlattices 
must also be properly considered. In addition, an intensity 
reduction and a linewidth broadening of higher-order super-
lattice reflections can occur depending on the nature of any 
distribution of bilayer thicknesses. 
A series of single-crystal (Gd NGd - Y Ny ) 114 superlattices 
composed of M successive bilayers of N Gd basal planes of Gd 
followed by Ny such planes of nonmagnetic Y were grown 
by MBE (Refs. 1 and 3) techniques. Polarized neutron-dif-
fraction measurements l5 were subsequently performed on a 
number of these superlattices with values of Ny = 6, 10, and 
20, and all with a constant value of N Gd = 10. Below about 
285 K, the Gd atomic planes become ferromagnetically 
aligned within a given layer with the moments lying predom-
inantly in the basal planes (for fields of the order of several 
hundred Oe applied perpendicular to c*). Satellite reflec-
tions are observed in all of the samples about the (00l) Bragg 
points at positions along the [001] direction corresponding 
to integer multiples of 217"1 ASL ' where ASL is the bilayer 
thickness. Above Te these reflections arise solely from the 
nuclear scattering associated with the superlattice chemical 
modulation, whereas below Tc an additional magnetic com-
ponent contributes. To within experimental accuracy, the 
scattering at these satellite positions is entirely non-spin-flip. 
For the superlaUices with Ny = 6 and 20, these are, in fact, 
the only satellites observed and a straightforward analysis 
shows that the data are consistent with a simple ferromagne-
tic alignment of the Gd layers across the intervening Y. 
The behavior of the superlattice with Ny = 10, how-
ever, is markedly different. In addition to some magnetic 
non-spin-flip scattering at multiples of 217"/ ASL about (001) 
below Te , another set of satellites appears at odd-integer 
multiples of 21TIUsL , corresponding to a doubling of the 
chemical bilayer periodicity, and the scattering associated 
with these additional satellite reflections is purely spin flip. 
For all of the Gd-Y supedattice samples studied by neutron 
diffraction (including the three described above and one for 
which N Gd = 11 and Ny = 9), the positions of the satellites 
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FIG. I. Satellites occur at integer multiples of half the superlattice wave 
vector with odd- and even-numbered satellites corresponding to spin-flip 
and non-spin-flip scattering, respectively, as described in the text. The lower 
part of the figure is a diagram of the spectrometer c{)nfiguration used to 
separate the four possible spin-dependent scattered intensities for polarized 
neutrons. The Heusler (HSLR) crystals reflect a narrow wavelength band 
of predominantly one neutron spin state when magnetized perpendicular to 
the scattering vector. The fiat coil flippers (FLP) rotate the + ( - ) to the 
- ( + ) neutron spin eigenstate. thereby allowing one or the other spin 
state to be selected. (After Fig. I of Ref. 15.) 
remain commensurate with either the chemical wave vector 
21T/ ASL or one-half that value over the entire temperature 
range studied. The widths of the satellite reflections, after 
deconvolution from the instrumental width, indicate that 
the magnetic order is long range, with a coherence length of 
at least several bilayers in an cases. Figure 1 is a representa-
tive diffraction profile for [Gd lO- Y!O] 225' At 80 K, a field of 
several thousand Oe simultaneously saturates the magneti-
zation and reduces the intensity of the odd-numbered satel-
lites to zero. The measured volume-integrated intensities 
were compared to various models for the magnetic struc-
ture,15 incorporating the chemical composition (interdiffu-
sion) and atomic-plane-spacing (strain) modulations along 
the c axis which were deduced from x-ray measurements.7 It 
was found that a slightly canted, antiphase domain structure 
or nearly antiferromagnetic arrangement of the Gd layers 
(again, each layer consisting of NOd ferromagnetically 
aligned atomic planes), symmetric about the applied-field 
direction, gave the best agreement with the data. More ex-
tensive magnetization studies have corroborated this oscilla-
tory dependence of Gd layer alignment on Y layer thick-
ness. 16 These results have been interpreted to be a 
consequence of the coherent propagation of magnetic corre-
lations across the nonmagnetic Y medium via the Ruder-
man-Kittel-Kasuya-Yosida (RKKY) interaction. 15-17 A 
more detailed account of the theoretical calculations on 
which this interpretation is based is given in the paper by 
Yafet et al. 18 
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An attempt to measure the magnetization profile as a 
function of temperature in a ferrromagnetic (GdlO-Y 201!Oo 
sample by neutron diffraction was also made in order to 
study the effect of reduced dimensionality and interface an-
isotropy on the magnetic critical behavior. 19 As discussed in 
Sec. II above, it is necessary to accurately determine the 
chemical compositional and strain modulation profiles be-
fore any unambiguous conclusions regarding the magnetiza-
tion profile can be drawn. In this particular case the problem 
is complicated by a strongly temperature-dependent strain 
profile and more-comprehensive measurements must be per-
formed. 20 
Interlayer interaction studies of the Gd-Y superlattice 
system involving more-exotic layered structures, specifically 
arrangements where two different Y layer thicknesses corre-
sponding to ferromagnetic and antiferromagnetic interac-
tions between Gd layers are propagated in a Fibonacci se-
quence, are also in progress? I The expectation is that 
something can be learned about the long-range order, or the 
lack thereof, in such a quasiperiodic heterostructure with 
competing interactions. 
IV.Dy~Y 
Bulk Dy displays a simple spiral structure below its N eel 
point ( "'" 180 K) with a spiral wave vector which varies con-
tinuously down to its Curie point (<:::<90 K) where an abrupt 
transition to a ferromagnetic state occurs.22 Superlattices of 
Dy and Y have been extensively investigated by more than 
one group, and neutron diffraction has shown that the basal-
plane helimagnetic ordering of the Dy moments is propagat-
ed through the intervening Y layers coherently. H.12,23-26 It 
has been suggested that the mechanism for the long-range 
interlayer coupling is a conduction-band spin-density wave 
in both the Y and Dy 0 II An RKKY interlayer interaction 
coupling scheme has also been discussed by Yafet for which 
simplified model calcuiations pertaining to both Gd-Y and 
Dy-Y superlattices have actually been made. 17,18 Although 
the spiral wave vector changes continuously with tempera-
ture between T,. and Tc in bulk Dy, it locks to a constant 
value at low temperatures in Dy-Y superlattices. 12,26 A sys-
tematic treatment connecting these wave vectors to their 
corresponding chemical superlattice structures has not yet 
been given. A detailed account of much of the work which 
has been done on Dy-Y superiattices is given by Rhyne et 
a/. ll 
v. Ho~Y 
Like Dy, bulk holmium displays a simple spiral magnet-
ic structure below its Nee] temperature (~130 K). Below 
= 70 K additional fifth and seventh harmonics are observed, 
indicating a distortion of the basal-plane magnetic spiral. 
For temperatures < = 20 K the magnetic structure is coni-
cal with the wave vector locked to 1. The existence of fifth 
and seventh harmonics in the .~ phase has been shown to 
originate in "bunching" of the moments about the six easy 
directions of the basal-plane crystal fie1dY More recently, 
high-resolution x-ray and neutron scattering studies of the 
temperature dependence of the wave vector for different 
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FIG. 2. Total magnetic phase shift for three Ho-Y superlattices: squares, 
H027-Y3: hexagons, HO,5-Y4; and triangles, H015-Y,2' 
bulk and thin-film holmium samples have revealed the fol-
lowing: (1) a sequence oflock-in transitions to commensur-
ate wave vectors and (2) the existence ofIattice modulations 
accompanying magnetic ordering. 4,5 A spin-slip description 
of the magnetic structure of bulk holmium has been suggest-
ed,4-6 which extends the concept of bunching to wave vectors 
> i. Neutron-diffraction measurements have confirmed the 
existence of fifth-and possibly seventh-higher harmonics 
at low temperatures in Ho-Y superlattices.28 Further, it has 
been found that the magnetic wave vector locks at low tem-
peratures,28 in a manner similar to Dy-Y superlattices. Data 
for the total phase shift per bilayer ofHo27-Y 3' Hols-Y 4, and 
How Y 12 superlattices (nominal spacings) are shown in Fig. 
2. Accurate determination of the low-temperature holmium 
wave vectors and relative fifth to seventh harmonic intensi-
ties (which will be essential in identifying possible spin-slip 
structures) depend on detailed fitting of the compositional 
and strain modulations present in the superlattice. Work to 
that end is now in progress.28 
VI. Gd~Dy 
Neutron-diffraction studies of a number of different 
Gd-Dy superlattice systems with various combinations of 
Od and Dy layer thicknesses have only just begun,9,29 but the 
results obtained so far are very interesting. The superlattice 
growth direction is along the c axis as in the case of the other 
RE superlattices described above. 30 Figure 3 illustrates how 
part of the (unpolarized) neutron-diffraction profile (Q II 
c*) for a Gds-Dyw (nominal composition) supedattice 
evolves with temperature. The peak at the right-hand side of 
each plot, centered at about 2.21 A-I, is the (002) reflection 
[ which appears as a double peak at higher temperatures be-
cause the Y (002) seed layer peak is resolved]. At 300 K, 
only the first-order chemical modulation satellite [to the left 
of the (002) reflection J is observed in the range of Q includ-
ed in the figure. For temperatures between approximately 
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FIG. 3. Evolution of the neutron (unpolarized) diffraction profile for a 
Gd,-DylO superlattice with temperature about the (002) reflection. Both 
commensurate and incommensurate satellite reflections are observed as de-
scribed in the text. Temperatures a.re in K. A field of :::::: 100 Oe was applied 
in the basal plane. (After Fig. 5 of Ref. 9.) 
200 and 130 K, a relatively weak incommensurate peak with 
a temperature~dependent wave vector coexists with com-
mensurate magnetic reflections at multiples of one-half the 
chemical modulation wave vector (indicative of a doubled 
magnetic unit cell). At the onset oflong-range magnetic or-
der, the wave vector of the incommensurate phase is that 
which would be expected for a "superspiral" consisting of 
ferromagnetic Gd layers coherent with helimagnetic Dy lay-
ers possessing an interplanar tum angle equivalent to that 
found in the bulk. Below about 130 K. the magnetic struc-
ture appears to be entirely commensurate. Four other Gd-
Dy superlattices with different layer thicknesses are also 
found to have diffraction profiles which indicate predomi-
nantly commensurate magnetic structures with a magnetic 
unit cell that is either the same as or double that of the chemi-
cal cell. Magnetization measurements performed at a similar 
applied field display a pronounced temperature dependence 
with minima in the magnetization showing some correspon-
dence to neutron-diffraction profiles characteristic of a dou-
bled magnetic unit cell.3 ! 
Polarized neutron-diffraction profiles for Gds-DylO 
about (002) in a field of about 100 Oe are shown in Figs. 
4(b), 4(c), and 4(d) at temperatures of 80 and 120 K. Q is 
again parallel to the c axis and the magnetic field is applied 
perpendicular to both the [OOl] and [h 00] directions which 
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FIG. 4. Unpolarized (a) and polarized (b), (c), and (d) neutron diffrac-
tion data for the Gds-DylO superlattice at two different temperatures. The 
polarized neutron diffraction profiles show that both SF and NSF scattering 
processes contribute to an of the satellite refieciions, the implications of 
which are discussed in the text. (After Fig. (, of Ref. 9.) 
define the scattering plane. Although the profiles plotted in 
Fig. 4(a), which are equivalent to what would be observed 
for an unpolarized beam, are qualitatively similar for the two 
temperatures, the individual spin-flip [Fig. 4(d)] and non-
spin-flip [Figs. 4(b) and 4(c) 1 cross sections are clearly 
different and indicate that a significant change in the mag-
netic structure has occurred. Consider now what the mag-
netic structure at a given temperature, say 80 K, might be. 
First of all, we know that the magnetic structure has long-
range order from the narrow widths of the satellite reflec-
tions and that the magnetic unit cell is twice that of the 
chemical unit cell. Furthermore, the polarized beam data 
tens us that not only does the configuration of spin compo-
nents normal to the applied field (spin-flip scattering) have 
a doubled unit cell, but so does the arrangement of moment 
projections parallel to the field (non-spin-flip scattering). 
These qualitative observations form constraints for any mo-
ment model which might be considered. Assuming that the 
Gd layers consist of ferromagnetically aligned planes and 
the Dy layers of ferromagnetic planes arranged in some 
modified helical array, a systematic variation of several pa-
rameters (such as Dy moment turn angle and Gd layer mo-
ment orientation) was performed in calculating the model 
structure factors. For the range of parameter variations con-
sidered, the configuration found to give the best statistical fit 
(minimum X2 ) is depicted in Fig. 5 (c) along with some of 
the other RE superlattice magnetic structures discussed 
above. The moments of adjacent ferromagnetic layers of Gd 
are approximately at right angles to one another with one 
layer aligned along the direction of the applied field (two 
3451 J. Appl. Phys., Vol. 63, No.8, 15 April 1988 
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FIG. 5. Schematic representation of the basal·plane component directions 
in three RE superlattice systems at representative values of H and T as de-
scribed in the text: (a) Gd-Y canted antiphase domain structure; (b) Dy-Y 
coherent, incommensurate spiral; and (c) Gd-Dy "asymmetric" state. The 
case ofHo-Y is similar to that afthe Dy-Y except that the spiral wave vector 
may be locked into commensurate values corresponding to a spin-slip mo-
ment configuration. The effect of compositional modulation on the average 
magnitUde of the moment in a given basal plane is not represented nor are 
possible c-axis or disorder components. 
possible "domain" configurations are possible; 90· clockwise 
or counterclockwise from the field direction). The Dy mo-
ments "fan" out (as do the moments in bulk Dy in a suffi-
ciently large applied field) from more nearly ferromagnetic 
alignment with the Gd layers at the interface to a maximum 
interplanar turn angle at the center of the Dy layer which is 
close to that observed in the bulk. The moments of the Gd 
and Dy were found to be 61tH and 91tH' respectively, with 
c-axis projections corresponding to 40" from the c axis in the 
Gd to 90° at the center of the Dy. A c-axis component (which 
is present in bulk Gd) was included in the model because the 
satellite profile about (102), which is sensitive to moments 
out of the basal plane, was found to be dissimilar from that 
about (002) [a disordered in-plane component modulated 
along the c axis could, however, have the same effect]. The 
observed intensities (accurate to about 10% or better) were 
measured at 80 K and at 150 Oe after cycling down from 
approximately 8 kOe. The calculated and observed intensi-
ties are given in Table 1. In performing the model calcula-
tions, it was assumed that the chemical modulations closely 
resemble those observed for the Gd-Y system. In the final 
analysis it will of course be necessary to determine the actual 
atomic plane spacing and compositional modulations for the 
Gd-Dy superlattices. In measuring the field dependence at 
80 K, it was found that a field of about 6 kOe was required to 
completely align all Gd and Dy moments along the field 
direction (again perpendicular to the [oo!] and [hOO] direc-
Majkrzak et al. 3451 
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TABLE I. Comparison between observed (Obs.) structure factors and 
those calculated (Calc.) for the model described in the text. If = 150 Oe 
and T=80K. 
IF+-? 1F--12 1F-+12 
O .. qt) Obs. Calc. 000. Calc. Obs. Calc. 
2.040 0.027 0.052 0.017 0.025 0.021 0.005 
2.122 0.085 0.092 0.087 0.092 0.051 0.065 
2.200 1.000 1.000 0.247 0.168 0.124 0.137 
2.286 0.059 0.067 0.056 0.067 0.032 0.047 
2.366 0.044 0.086 0.013 0.027 0.021 0.010 
Hons) as evidenced by a reduction of all spin-flip scattering 
to nearly zero. Furthermore, the field-dependent intensities 
for many of the satellite reflections, both spin-flip and non-
spin-flip, showed substantial hysteresis, indicating a first-
order transition. 
Lately, theoretical studies of the magnetic states expect-
ed for superlattice structures formed from alternating layers 
offerromagnetic and antiferromagnetic materials have been 
done by Hinchey and Mills. 32.33 The magnetic structures 
were assumed to be simple collinear ferromagnetic and anti-
ferromagnetic states in zero field. Basing their treatment on 
a localized spin model with nearest-neighbor exchange inter-
actions and an additional uniaxial anisotropy in the antifer-
romagnetic layers, they predicted a variety of transitions to 
more complicated states to occur in relatively low fields, in-
cluding a characteristic "unsymmetric" phase with a com-
mensurate, doubled unit cell not too unlike that described 
for the Gd-Dy case above. It would be interesting to extend 
the theory to incorporate longer-range interactions such as 
the RKKY so that a more direct comparison with the Gd-
Dy superlattice systems could be made. 
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